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ABSTRACT

To achleve ceramic-to-metal seals demonstrating
strengths as high as the ceramic nember itself required a
thorough testing program for their measurement and evalua-
tion. A study was also conducted on the analytical and
experimental nature of seal stresses.

A literature survey on ceramic-to-metal sealing
techniques, adherence theory, and allied systems disclosed
limited pubiished work and no procedures for achieving
ultra-high-strength seals or seals to pure high alumina.
Reported work on afnasrence mechanisms is limited to
chemical rsacticn and molybdenum oxide reaction theories.

Two additionel theories were formmlated for this
study~-one proposing the migration of the glass in the
ceramic into the metallizing mixture, and lhe olher
recognizing the need for promoting metallizinrg ..intering.
These theories, together with thermodynamic and equilibrium
calculations, allowed 200 metallizing compositions to be
form lated.

Three sintering temperatures were chosen,
depending on composition, for each of the 200 metallizing
mixtures. Each mixture was applied to specimens of 94-,
96~, and 99.6-percent alumina. Testing involved a screening
technique whereby the most promising compositions wera
carried through to inereasingly refined test techniques
(scratch and pesel, circumferential seal, and finally tensila
tests). Approximately 3200 specimens were prepared ard
tested.




The teu.ile test specimen was redesigned to eliminate
snoulder breaks when evaluating ultra-high-strcneta seals.
A phbtoelastic study was made to learn more about stress
distribution in this specimen.

Extremely strong seals were developed for all the
ceraric bodies considered. A -'le varlety of sealing com=-
positiors was disclosed which prnduced seals stronger than
those previously reported. Cereful analysis of the data
indicated that the Glass Migration Theory should receivé —
careful consideration and that simple chemical reactions were
not encugh to explain seal adherence.

A stuuy was made of the origin and nature of seal
stresses resulting from the dissimilar physical properties

‘of metals and ceramics. A method to calculate stresses in

ceramic-to~metal seals is theorized. Measurements of the
properties of the metal and of residunal stresses in seals
were made, showing excellent agreement with calculated
stresses.




SECTION A
INTRUDUCTION

1. PURPOSE OF PROGRAY

- This final report, discussing a study of matal-to~-
ceramic seal technology, has been prepared for the U.S. Air
Force Ailr Research and Devalnpment Command by the Sperry
Gyroscope Company Division of Sperry Rand Corporastiocn, Great
Neck, New York. The work described herein was performec
under Contract Nc. AF30(602)2047 during the period 22 June
1959 to 22 September 1960.

The objective of this study was tc advance ceramic-
to~netal seal technology to the point where stionger seals--
seals with bond strengths approaching tensile strengths of
25,000 psi, the strength of the caramic member--could be de-
veloped and produced. It was anticipataed that through
theoretical and sxperimental investigations, seals would be
developad which not only wers stronger as far as hond strength
was concerned, but also would be morc satisfactory in meeting
the *- 'ands for increased elactrical, mechanical, and thermal
raquirements which are being imposed by present and future
high-performance eiectronic~tube applications.

Two major directions were explored to fulfillthe
goal cf the program. The first was a compilatioun of possible
metallizing mixtures thrcugh theoretical considerations such
as high-temperature phase equilibrla, thermodynamies, and
equilibria calculaticns, with subsaquernt experimental fabriza-
tion and testing of 200 of the moust promising mixtures. The
second dlrection was an analytic and >xperimental investigation




of cthe stfesses developad at the ceramic-metal interface due
to differences in the coefficients of trermal expansion of the
metals and the ceramics. High-temperature propeities of
several metals and ceramics wére measured, and stresses in the
ceramic-metal interface were predicted on the basis of these
data. A method of calculating stresses knowing the physical .
properties of the materials involved was determined. Tuese
caleulated stresses were then compared with stresses actually
measured In fatricated ceramic-to-metal seal assemblies.

Two technical papers resulted from this contract
and a third is anticipated. These were "Theory of Adherence
in Ceramic-to-Metal Seals" by S.S. Cole, Jr., and H.W.
Larisch, presented at the Fifth Tube Techniques Conferencej
"The Glass Migration Mechanism of Ceramic-to-Metal Seal
Adherenca" by S.S. Cole, Jr., and G. Sommer, presented at the
Electronic Division of the American Ceramic Society; and
"Ths Calculation of Stress in Caramic-tc-ketal Seals" by
S.8. Cole, Jr., and S. Inge, which is proposed for presenta-
tion at the Annual Meeting of the American Ceramic Society.

2. PHASES OF THE PROGRAM

The goal of this program was achieved through six
major phases of study, the filrst five of which were intimately
int.rdependent. These were as follows:

a. Phase I - Literature Survey and Analysis - A general
survey was made of all literature related to cerumic-to-metal
seal technology. This survey included a study of ceramic-
metal reactions which were not necessarily related to common
seal technology, but wera useful in gaining more fundamental
knowledge concerning bond mechanisms.




t. Pnase II -~ Metallizing Investigation - A comprehensive
investigation of metalliizing materials and their fabricatlon,
application, and processing wa5 conducted. Pha.e equilibria,
thermodyramics, and previcus work f£n this field were considered.
Two hundred experimental metallizing compositions were prepared
and tested by a series of successfully refined tests. Etfforts
were made to reclate data to the nature of the bond mechanism
or mechanisms between various metallizing materiale ~nd
ceramics. '

¢c. Phase II1 - Brazing Investigation - An investigation of

‘the effect of solders, their composition, thickness, time in

the liquid state, the effact of weights, and the role of the

metal members on brazing was planned. However, this phase was
nct necessary to fulfillthe pu- 32 of the program. Conven~

tional brazing techniques were :. 1 capable of produzing the
desired streng?hs provided a meiasllzing mixture was properly
sintered onto any particular ceramic in question.

d. Phase IV - Testing Investigation - A broad and definitive
testing program was undertaken to evaluate testing techniques
and variables. Testing methods included the torque peel,
drw peel, tensile, and compression tests, and also the leak
checking of compression-test assemblies. A comparison of
testing methods was conducted on a standardized metallizing
mixture, which was applied, sintered, and brazed under
standardized conditions. Ths results of this comparison were
statictically analyzed.

e. Phase V = Température'Investigation - This phase wac a
study of the eftect of temperature cyeling on seal etk
and seal vacuunm tightness frouw sub-zero to elevated
temperatures.




f. Phase VI - Stress Investigation - A study of the stresses
involved in simple ceramic-to-metal seal .*ructures due to
differences between the thermal expansio;. rates of metals and
of ceramics was conducted. To gain basic knowledge in these
areas, comparisons were made between calculated and measured
stresses in ceramic-to-metal seal assemblies.




SECTION B
DISCUSSION .

3. PHASE I - LITERATURE SURVEY AND ANALYSIS

a. Introduction

Phase I consisted cf a review of published literature
concerning ceramic-to~mstal seals, with particular emphasis
direct 1 toward the refractcry-metal process because of 1its
wide use in the electronic-tube industry. To metaliize
metal~ceramic seals by the refractory-metal process, a thin
coating of finely ground metal particles is placed on the
ceramic surface and heated to tamperatures in the range of
1200°C to 1200°C. During the heating process, the metal
particles sinter and adhere to the ceramic and to each other.
The result is a hard, rough coating to which othar metals can
be bonded. The metallizing is electrically conductives but
because of its exireme thinness. 1t does not lend itself to
the common metal-working processes such as machining or drilling.

A wide variety cf metals were found satisfactory
for the metallizing process. Historically, the first refrac-
tory-metal seals wers composed of molybderum or tungsten
metal and 1ron.2’5* Va~ious additions were made to the
molybdenum or tungsten, including manganese, titanium,
nickel, iron oxide, manganese oxide, and glasses. In addition
to being carried outinavacuum, the sintering process was )
conducted in atmospheres of hydrogen, argon, dissociated
ammonia, producer gas, and natural gas.

*The refasrences cited are located in t..e Bibliography fcllowing
the taxt.




The investigation of adherence mechanisms revealed a
ztate of considerable complexity and one not easily satisfied
by any single theory. This condition was Turther complicated
by the fact that witbin the refractcry-metal or Telefunken
sealing group there are several basic types of metallizing
mixtures which are placed or various high-alumina ceramics
(ranging from 85-percent to almost lOO-perceht alumina). It
is likely that different adherence mechanisms are operative
as the metallizing types and alimina content of a body are
changed.

b. Alumina Reaction Theory of Adherence

The earliest references of adhering molybdenum and
tungsten seals to ceramics are by H. Pulrrich4'lo and
H. Vatterll'lé. Working basically with steatite rather than
high~alumina bodies, Pulfrich was nevertheless aware of the
role of chemical reactions and liquid phases. He recognized
the need to heat the metallizing to temperatures which ap-
proach gsoftening or eutectic voints in the ceramic. Pulfrich
stated that the furnace atmosphere should contain sufficient
hydrogen to maintain most of the molybdenum as a metal, but
also sufficient oxygen (about 0.25 percent) to form a trace
of molyhdenum oxide. This oxide was said to melt and flow to
the ceramic surface ~nd there promote bonding. The possi-
bility that adherence may be due to the glassy phase of the
ceramic was alsc recognized. .

In 1953, Pincus, after considering soms basic
chemical reactions and after several microscopic observations,
drew some basic conclusionsl7. He postulated that manganese
in a wet hydrogen atmosphere will oxidize to manganous oxiie,
a reaction completed at 1000°C. As the temperature incrcases,




a solid-state reaction begins to form the compound manganese
aluminate, MnO'A1203, also c¢alled manganese spinel. A further
increase in temperature produces 2 molten -r clug condition of
this compound at the ceramic-metal interface. At 1400°C, an
appreciable sintering of molybdenum particles to eech other
has taken place, and the spinel has begun to lecck tnis
hardensd layer to the ceramic. Increasing the temperature
further causes the mass of manganese spinel to begin to
crystallize, thereby forming galirite, a second crystaliine
form of spinel. Finally, pre.ipitation of corundum (A1203)
erystals will occur. This precipitation, Pincus advcecates,
heralds the general weakening of the seal.

The Alumina Reacticen Theury predicts that seals
made to a 100-parcent alumina body should be as strong, or
stronger, than those made to a 90-percent alumina body.
Experimentally it has been universally cbuserved that as the
alumina content increases seals become more difficult to make.

In a later paper on adherence mechanisms, Pincus
postulated that bonds between pure molybdenum and high-alumina
ceramics, though weak, were chemical in nature and depended
upon a reaction between molybdanum oxide and aluminum oxida1 .
A nw.bar of reasons exist . hich cause certain doubt.
Molybdenum oxide, either Moo2 or Mooa, has ne.>r been reported
as occurring after firing molybdenum metal in a hydrogen
atmosphere. An argument has been put forth that hydrogen
atmospheres heavily laden vith water vupor will supply the
nezessary oxygen to allow the reaction

Mo + 2H20 i .’:‘H2 + MoO2

to take place. Although this reaction is thermodynamically
predictable at rather low temperaturesl9'23, repeated attempts




to achieve it at Sperry and at other organizations have failed.
Even if the oxide is formed, for example, by heating in air or

‘ py prolonged low-temperature heating in vst hverogen, it 1is so
' volatile that it imrediately vapcriies at temperztures higher

than 600°C to 700°C.

An immediate question concerns the purpose of water
vapor 1n hydrogen gas. To form spinel, it 1s necessary to
satiarj the reaction '

Mn + H20 ——= MnO + H,

A second important function is in the promotion ot sintering,
as water vapors are known to aid sintering to a very marked
degree.

it is questionable whether the mol&bdenum-iron system
will behave the same. To date, no work nas been reported,
probably because of the comparatively small use of this mixture. -
A suspicion that there is considerable complieity in this
syslem is warranted because the reaction

fe + }120 ———g» a0 + H2

can be expected to be highly temperature and dew-point sen-
sitive, as predicted by thermodynamic calculations.

Denton and Rawson investigated twoc refractory-metal - -
techniques, namely th mnlybdenum-manganese and the molybdic
trioxide techniques® 24, The importance of the minor constit-
uents of the ceramic in the sealing mechanism is pointed out
in their paper. They conclude that in the molybdenum-manganese
technique, acidic oxides, such as 8102, are likely to have an
important effact on ihe metallizing behavior on the ceramic
In tae molybdic trioxide technique, however, basic oxides,




such as‘MgO and Ca0, may be more important. Denton and Rawson
alsc conclude that the texture of the ceramic is of importance
in controlling the iuteraction between the ceramic and the
metallizing layer, fine grain ceramics being, i: general,
easier to metallize. The Alumina Reaction Theory is supported
by these researchers.

¢. Glass Phase Migration Thecry of Adherence

In contrast to the tyce of mixture in which 15 to 30
percent of the =ix 1s mangan2se, iron, or some other metal,
a second hasic metallizing type can be considered. This is
the group in which the metallizing mixture it ° rgely molybdonum
and & small addition of an active matarial, u' . lly titanium.
Working with a mix of 94-percent molybdenum an - ent
titanium, Cole and Hynes investigated the effec amic
composition on seal strength25 +» This work sugge -
depandence of seal strength on both glass content and giass
composition within the high-alumina body. No attempt was made
to theorize a sealing mechanism, although subsequent studies
pointed to a very probable mechanism in this system. Titanium,
like manganese, will readily forx an oxide in a wet hydrogen
atmosphere according to the reaction

T4 + 2H,0 ———e= T10, + 2H,

It is very probable that the titanium dioxide enters
the glassy phase of the ceramic and causes a reduction in
viscosity. This, in turn, enables the glass to flow slightly
and enter the interstices of the molybdenn= coat!ng. Micro-
scopic examinations supported this theoryj in addition, the

decrease in seal strength with increasing alumina content 1s
preiictable.




d. Other Factors Affecting Adherehce

Although adherence of the molybdenum to the ceramic
is the most elusive aspect of ceramlc se:ls, trere are other
facts to consider. The plating of the molybdenum coating
adheres to the metallized coating because of mechanical means.
This plating is not well bended and may be easily peeled off
if it is allowed to bccome too thick. If, however, the plated
coating is fired, a solid-state sintering rsaction occurs
between the molybdenum particles sdrering to the cersmic and
the plated metal. The rough and somewhat porous molybdenum
boundary layer, into which the piated metal has diffused, can
be seen under a microscope. It was observed that this diffusion
is substantially increased by firing the coating.

~ Whether or not the plate is fired prior tc brazing
i1s a disputable question, because it undergoes a heating opera-
tion during brazing. What actually happens during brazing
depends mainly on what solders and plates have been chosen.
T1f copper plate and copper solder are used, both will melt and
enter the porous molybdenum coating heavily. If a higher.
melting plate is used (for example, copper-piated metal member
and silver-copper eutectic solder, or nickel-plated metal
memHer and copper solder), the occurrences in brazing are
complicated. Phase diagrams found in the Metals Handbook2§
are helpful in this respect. In general, the solder will react
with the plate and the final alloy can be roughly estimated by
use of ths phase diagrams. The degree of reaction will be
deternined by the plating thickness and by the amount of tims
the solder is allowed to remain liquid. Usually a microscopic
examination of the seal will not show any trace of the plate. '
However, tbis is not always truej occasionally the resultirg
graded alloy will be seen, or the plate can be observed to be

10




nearly unaffected by tne solder. Concern about the intricacies
of the brazing operation becomes a secondary problem because
seals have been found to fail repeatedly at tre coeramic-to-metal
interface.

e. Related Systems and Porcelain-Enamel Reactions

Some qualitative information from related systems,
such as the fabrication of cermets, and also from porcelain-
enamal reactions aided in tne uiderstanding of seal mechanlems.
The reactions which tske place during the formaticn of cermet
bodies occur, in the majority of cases, between ceramic-type
materials such as titanium or silicon carbide, and metals
such as iron, nickel, and chromium and/or alloys such as
Haynes Alloy No. 1, Haynes Alloy No. 25, and Nichrome. These
reactions involve the dispersing of the ceramic ccnstituent
in the form of grains within a continuous metallic phaca.

The dispersing takes place during a liquid-or solid-sta:ce
sintering operations such a3 (1) hot pressing (simultaneous
heating and pressing in an induction furnace ir the presencs
of a protective atmosphers), (2) cold pressing and subsequent
sintering in a protective atmosphere furnace, or (3) vacuum
infiltration (diffusion of metal or alloy into a ceramic-
type po-ous skeleton ir.* -ial in a vacuum furnace).

Porcelain-enamel reactions occurring in the fusing
of fritted glasses to hot-rolled enameling iron involve the
interaction of oxides, carbonates, nitrates, and fluorides
(after their smelting, in which case the lecs scable carbonates
and nitrates are converted to stable oxides) with iron and its
various oxides in the presence of heat. The adherence
phenomena piusont after these reactions hava been completed
are complex and subject to continual raview and debate.

Neither of the two forementioned vl 'ects seem to involve re- .
actions of alumina and metal to cny ex"ent.

11




4. PHASE 1I - METALLI/7!G INVESTIGATION

a. Investigatior. Lesign

The metallizing investigation, one of tne major

efforts in this study, was developed around five basic sealing
mechanisms. These ares

The Alunina Reaction Theory, which depends on a
chemical reactic: of the metallizing composition
and the ceramic.

The Holybdenum Oxide Theory, which depsands on the
reaction of molybdenum oxide with ceramic.

The Glass Migration Theory, which depends on glass
migration from the ceramic into the motallizing
coating.

The Molybdenum Sintering Mechanism, wnich recognizes
the need for adequate molybdenum sintering.

Ihe (lass Additive Mechanism, which suggests that
~a2ls can be accomplished by adding glass to the
metallizing composition.

In addition, a category of compositions which does

not apprar to conforu to any theory, but which has been reported
to be of high seal z‘rength was investigated.

The above categories, used with thermodynamic and

equilibrivm~diagram data where possible, alloved the formulation
of the 200 metallizing compcsitions listed in the various tables
in the Appendix. These compositions were determined in the '
following manner.




(1) Alumina Reaction Theory

The Alumina Reacticn Theory, a:s proposed by A. Pincus,
predicts a compound formation between the alumins and one of the
metals used in the metallizing mixtures. By measuring the free
energies and heats of formation in related chemical reactions,
it 1s possible to predict whether other reactions can be ex-
pected to occur. As an example of such a thermodynamic pre-
diction, water has a free energy of formation of -52,360 calories
per mole* at a tamperature of 500°K. This can be written as

1 =
At the same temperature, the reduction of titanium dioxide can he
written as
T10, @— Ti + OQ;AF = 203,450 cal
To predict the reaction of titanium metal with water

vapor or hydrogen, such as is present in sintering furnaces,
the above reactions ure added:

-104,720 csl
+203,450 cal

2H, + O, ———u 21,03 LF
T10, @—— T1 + 0,5 AF

2H, + T10, @—— T4 + 2H,0;AF = +98,730 cal

Because this reaction has a positive free energy, it w.ll proceed
to the left, forming Tio2 at 500°K, providing there is no very
large excess of hydrogen present. However, in a wet hydrogen
atmosphere, a large excess of hydrogen 1s presernt. If the

water content becomes low enough, the reaction will tend to drive
to the right despite the larg= positiveAF. This possibility

- e e e @ = -

*The minus sign indicates the tendency for the reaction to pro-
ceed to the right; a positiveAF indicates a tendency to proceed
to the left.
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may be predicted by a consideration of the partial pressures of
the two gases, hydrogen and water vapor, which are present.
These factors are related by the followlur foimula:

PH.0 .
AF = -RT 1n —Pﬁ"-‘- (at equilibrium)
2

which is rewritten as

PH, RT

where

PH20 partial preséura water

PH partial pressure hydrogen

n
L]

1}

free energy of reaction
molar gas constant
absolute temperature

= oy
]

"

1r ln(PHzo/Pﬂz) is numerically greater than -AF/RT,
the equation will not be satisfied and the titanium will tend
to oxidize. However, if 1n(PH,0/PH,) is less than -AF/RT,
reduction can be predicted. At a dew point of 0°C,

- PH,0
ln.jﬂﬁ; = =3.4

and at 500°K,

...%", = -98

Oxidation can be expected because 1n(PH,C/PH,) is numerically
greater than -AF/RT. Previously, this has been proven valid
by experimental means. It can further be shown that z dew
point of about -104°C is required at 500°K tc rause T102 to
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raduce. As in all cases, it must be pointed out that thermo-
dynamic predictions'do not consider reaction rate or any of
several other factors which may slow or stop & ieaction from
proceeding; these are, nevertheless, very accurate predictions.

Having predicted whether an oxide or a metal will be
present, it 1s possible to predict from phase dtagrams the
reactivity of aluminum oxide with other oxides. The diagrams
also give a good indication of the temperatures at which the
reactions can ve expected ti occur. Table 1* lists the metals
whose oxides will react with aluminum oxide, their tendency
to oxldize, the melting point of the metal and its oxide,
and the lowest melting eutectic between A1203 and the metallic
oxide. From this table, compositions have been formulated
which should behave according to t.:e alumina reaction mechan-
ism. These are shown in table 2.

(2) Molybdenum Oxide Thaory

The second category (suggested by Pincus) is based
on the chemical reaction between the primary material and
the ceramic. This would involive, for example, the formation
of a small amount of molybdenum oxide, which would then react
in ch« same trashion with the ceramic. Table 3 lists the
compositions containing additions of MoO3 to appiy this theory

of adherencs.
(3) 4lass Migration Theory

The Glass Migration Theory, which recognizes the
importance of the glassy phase in the ceramic, was developad
from the work conducted by Cole and Hynesas. It i1s proposed

*Tables are grouped in numerical ordeor at the reaf of the report.
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that certain metals, such as titanium, after having oxidized
in a1 wet hydrogen atmosphere enter the glassy phase of the
ceramic and lower the viscosity of that slass. The glass is
then free to flow out slightly and lock the ceiailc to the
somewhat porous molybuenum coating which remains.

An entirely different direction is used in the
approach to the Glass Migration Theory. Over the period of a
great many years, the glass, enamel, and glaze manufacturers
have been able to determine thc materials which are known to
lower the viscosity of glassesj a substantial 1list of materials
has evolved which is suspected to affect greatly glass vis-
cosity. These are shown in table 4 along with their principal
sources. From this table, compositions were made which should
behave according tc the theory (see table 5).

(4) Molybdenum Sintering Mechani-sm

The sintering mechanism recognizes the need for ac-
complishing thorough sintering of the molybdenum particles and
.cells. For sintering to occur, the sintering particles must
be in intimate contact with each other so that bonding can take
place at the point cf contact. Theoretically, anything which
would increase this contact area wculd enhance subsequent
sintering by supplying more bonding points. Any increase in
temperature not abo—e the melting point will enhance the
sintering rate because cof increased diffusion rate and plastic
deformation. ’

From the standpoints of mutual solubility, crystal
structure, and atomic size, the following elements were pre-
dicted for addition: titanium, vanadium, chromium, iron, cobalt,

nickel, zirconium, niobium, and tantalum. Of thess, ouly iron, .
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nickel, and cobalt will not oxidize in a wet hydrogen atmos-
phere according to thermodynamic calculations. Compositions
formulated on the basis of these considera“ion: 2re shown in
table 6. )

(5) Glass Additive Machanism

This mechanism pustulates that glassy or glass-
forming materials can be added to a metallizing mixture com-
posed basically of a refractory aetal such as molybderum. The
glass thus added is thon able to fuse to both the ceramic and
the metal particles. '

A series of compositions based on the Glass Additive
Mechanism were made (table 7). They were largely determined
by an extensive literature search and a study of previous work
by other researcners in this field. Certain problems arise
in a study of this mechanism. The glass must have a high
softening point, must be capable of wetting both the high
eluning and the molybdenum grain, and must have fair mechanical
strength. However, the glass must not be reduced in a wet
hydrogen furnace. '

‘6) Other Mechanisms

In addition to the above, the literature search
vielded a saories cf compositions which were considered worthy
of trial at varicus temperatures and on the various high-
alumina bcdies. These compositionsare shown in table 8.

b. Evaluation of Metallizing Compositions

(1) Materials and Methods

Based on the above information, the ceramics listed
on the following page werechosen to be metallized and evaluated.
These are typical high~alumina cerami.s which are of interest
to the electronic-tube industry.
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e AD-94 - A dense 94-percent alumina body manufactured
by the Coors Porcelain Co.

e AD-96 - A denss 96-percent alumira body manufactured
by the Coors Porcelain Co. v

e AL-23 - A dense 99.6-percent alumina body supplied
by Materials For Electronics, Inc.

The foliowing milling procedures were used:

o Inside dimensions of the steel mills, selectad because
of thelr capability for more efficient grinding than
porcelain, are 5.5 x 6 inches.

o O.5-inch-diameter steel balls were placed 2 inches
deep in the bottom of the mill. About six ona-inch
steel balls were also added to each mill.

e Materials shown in tables 2 through 8 were weighed
and placed in the mill.

® A binder of 60 ml acetons, 60 ml amyl acetate, and
25 ml 8-percent nitroceilulose lacquer was added.

e If, after 2 hours of milling, viscosity was not less
than 50 cps, binder additions were made in quantities
of 70 ml until the viscosity wis less than 50 cps.

e Milling was conducted for 24 hours at a mill speed
of 60 rpm.

e Mills were emptied and cleaned with acetone prior to
recharging.

¢ Resulting mixtures were stcred in glass Jars with
polyethylene-~lined caps.

The compositions were then sintered to various ceramics
at various temperatures, and tested by a successive serics of
tests designed to be more exacting as the less promising com=-
positions were eliminated.

18




s 4

(2) Adherence Test

Three different metallizing compositions were painted
on l.5-inch discs of each of the three cerami:s studied (see
figure 1). These were than sintered in molybdenum boats,
each holding 27 discs. The furnace atmosphere was wet
dissociated ammonia, the dewpoint of which was held between
+6G°F and +85°F by passing the furnace gasses through a con-
trolled~temperature water tank. Figure 2 illustrates the
furnace-temperature profile and ths sintering cycle of the
metallized ceramics fcr the 1300°C sintering temperature.

The same sintering cycle in a furnace-temperature profile
similar to that shown in figure 2 w~s used in the firings at
1250°C, 1350°C, 1400°C, and 1500°C. Because of a furnace
limitation, a different furnace was required for the 1600°C
and 1700°C sinteringsj the :ame atmospnere, dewpoint, and
30-minute time period in ' '~ hot zcne of the furnace wzreused.

After sintering, the coatings were acherence tested
using a scalpel and 30-power binocular microscopa. A system
of rough grading the coatings was devised as follows:

e Poor no adherence, coatings curl, no effort
expended in removal , cracks or holes
visible.

e Fair moderate adherence, moderate coating hard-
ness and cohesion.

e Good metallizing coating absolutely not remcvable,
ceramic removed, hard dense metal films.

Results of the adherence tests conducted on all discs
sintered at all proposed temperatures are shown in tables 2
through 8. The adherence testing program was originaily
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designed to eliminate only those experimental metallizing
mixtures which exhibited grossly poor adherence, at all
siiutering temperatures, to all three ceramic bodies considered
in this program. It soon became apparent tiat few metallizing
mixtures could be eliminated by this technique. N¢ mixtures
yielded poor ratings to all ceramizs at all temperatirss,

and few were found that could not be rated at least fair or
fair-to-good on some ceramics at some sintering temperatures.
Peel tests were next performed on all stripes of experimental
metallizing mixtures resulting frca the adherence test pro-
gram. Because both tests were >onducted on all combinations
of mix, body, and sintering temperature, results of both

-tests are discussed concurrently in the following paragraphs.

(3) Torque Peel Test

The torque peel test was chosen as a quick, in-
expensive test of ceramic-to~metal seal strength from the
results of Phase IV, Testing Investigation. After completing
the adherence test, each stripe of experimental metallizing
on all discs of each of the three bodies was plated with
0.0005-1inch hard nickel. A 1.25- x 0.375- x 0.010-inch
Kovar strip was then brazed tc each stripe using a 0.002-inch
shim of OFHC copper. These Kovar strips were then peeled
from the ceramic by the torque wrench and torque peel fixture
1llustrated in figure 3.

Results of the torque peel tests are also included
in tables 2 through 8. The massive amount of data contained
in these tables was difficult to analyze and was therefore
handled in the following manner. All metallizing compositions
were separated into groups according to the type of secondary
metal, oxide, or mineral present in the me%tallizing mixture.

A tabulation was then made of the number of times each




additive to a ferractory-metal base produced superior peel
te~t values. Each additive was further weighted according to
torque peel strangth and whether it was used singly or in
combination with another material. This tecnnligile produced
numbers which could then be 13ed to correlate the number of
times strong seals were produced against the number of times
each type of metallizing addition was tried. It was thus
possible to determine the general effect of each additive to
the refractory metal.

In aadition, the total number of high peel test
values was correlated against sintering temperatures in
general, and against the alumina content of the body to which
it was applied. Each metallizing composition and compositional
type which produced a high seal strength was further examined
to determine its optimum sintering temperature, the com-
position of the alumina body to which it best adheres, and
the effect of concentration of the additive on seal strength.

(4) Torque Peel Test Results

The results of this analysis indicated that cerium
oxide and thorium orxide additions to molybdenum produced the
highest frequency of strong seals when used on Body AD-94.
These were closely followed by additions of titanium and
tungsten. In decreesing order of improved torque peel strength
on AD-94 were additicis to molybdenum of talc, manganese,
sodium carbonate, titanium carbide, kaolin, and feldspar.*

Pure molybdenum trioxide produced promising seals if con-

sidered only singly, especially at the lower sintering tempera-
tures.

*The composition of talc is approximately Mg0O+S$i0Op, that of
feldspar is Ky0:A1203-65102, and ka.lin is A1203-28105-2H20.

21




Seal strengths were generally lower on Body AD-96
than on AD-94, with cerium oxide and therium oxide producing
good results. Feldspar, tale, titanium, zisconiun, titanium
carbide, kaolin, and silicon dioxide, in that approximate order,
all produced promising seals. Pure molybdenum trioxide again
rated fairly well if considered singly. '

Seal strengths were much lower on Body AL-23 than
on AD-94 or AD-963 feldspar, silica, and talc additions,
however, appear to produce the best results. Barium oxide,
calcium oxide, zirconiuas dioxide, and manganese also seemed
to help. It is significant that silica and silica-bearing
rminerals appeared to produce the most satisfactory seals to
AL-23, indicating that the formation of a silica glass or an
alumina silicate compound in the metallizing layer or at the
metallizing-ceramic interface may encourage high-strength
seals to this high~alumina ceramic. !

It is also interesting to note thaﬁ feldspar and
silica additions had the same approximate effect on seal
strengths regardlcss of the choice of ceramic. This may
occur because additional amonnts of glassy phase over some
optimum amount do not aid sealing, or because a chemical
compound may be forming with the alumina. Talc produced
stronger seals to the lower aluminas, possibly because of
the silica contained in this mineral.

‘These ratings are mentioned in a general rather
than a specific marner because of the many variables involved.
Also, a composition will »ften yleld a high torque peel value
‘on a particular body at two widely separated sintering tem=-
peratures, but a low value whan sintered tc a temperature
butween them. In these cases, it is assumed that processing
variahles in plating, brazing, or testing affected the results
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this fact 13 considered in the evaluations. An example 1s
Composition 24 in which tha 1500°C torque peel results on
AD-94 were considerably lowr~ than the 142C°C a.d 1600°C
values. Manganese dioxide, .hcoefora, was considared slightly
better for use in molybdenum on AD-94 than a no~~~iccl erle
culation indicated. This type of rating was ccizi*~red ¢.Cis-
factory because its only functicn was to choos. aus. mixiures
to be considered for further testing.

Many trends werse appasent when a careiui analysis of
adherence test and toirque peel test data was made. For
example, the silica and silicate additions, including feldspar
and talc, yielded highest torque peel values when sintered at
the nigher temperatures. This suggested that migration of
silicate glasses, the viscosity of which lowers with increasing
temperature, may be responsible for stronger seals. A chemical
coripourd might also be formed, and thus would be more complecte
at higher temperatures. Alternatively, the manganese com-
pounds (for example, manganese dioxide in Compositions 23 and
24, and 1lithium manganate in Composition 88) yielded highest
values when sintered in the iower range of temperatures in-
Vestigated. The metallic additions to molybdenum, such as
nick°l, iron, cobalt, and tungs*ten, yielded highest strengths
when sintered at the higher temperatures. With the exception
of iron, which may oxidize under some sintering ~or- itions.
these additions, being scvluble in molybdenum, may promote
sintering and, thus, high seal strengths.

It can be seen that there was little dilference
whether the element titanium was added as metallic titaniun
or as the oxide (Compositions 32 and 33, respectively).

This supported previous data that titanium oxidizes to
. titanium dioxide in wet cracked ammonia at elavated tempera-
tures. Two additional observations w--~e (1) small additions
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of titanium or the oxide to molybdenum broduced as good or
better results as large additions and (2) these mixtures adhered
better to the lower-alumina (94-percent 31203) tran to the
higher-alumina {99.6~percent A1203)'ceramic. .These observations
suggested that *he Glass Migration Theory rather than the
Alumina Reaction Theory was operative. The same general ob-
servations are true for both manganese and manganese dloxide
(Compositions 49 and 50).

The amount of titanium dioxide necessary to produce
maximum strength appeared slightly higher than titanium metaljs
this was expected because the metal oxidized during sinvering.
Titarium also improved strength over a wide range, bul smaller
amount 3 were effectivej an optimum addition appeared likely at
about 3 percent by weight.

Additions of talc and feldspar alsoc seemed to show
an optimum strength at about 3 to 5 percent, though smaller
amounts ylelded higher strengths than pure molybdenum.
Cerium oxide, though helpful over a wide range, apparently
was best in small amounts, 0.5 percent yielding noticeably
improved strengths.

Many materials appeared to lmprove adherence when
added in very small amountis, but degraded seal strength when
added in larger amouats. Barium oxide, lithium manganate,
lithium titanate, and lithium carbonate showed this effact.
Additions of metallic nickel and cobalt were also helpful
when added in small amounts, less than 1 percent, but they
degraded adherence when the concentration increased.

(5) Compression Test

The compression test was applied to the moat promising
compositions found by peel testing. Figure 4 illustrates the
test specimens and fixture used. A 0.l25-inch ceramic disc
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was metallized on 1ts outside dlameter and then brazed intc a
tight-fitting Kovar :leeve to form a vacuwum-tight assembly.
This assembly was tested by compressing two 0.32.25-inch tight-
fitting rubber discs in the fixtura. The loading rate used

on the Baldwin Unlversal tester was 6000 pounds per minute to
a load of 2000 pounds. The assembly was then checked again fo.
vacuum tightness and loaded at a rate of 3000 pounds per minute
in 400 pound increments, leak checking after ¢ach successive
increment of load until a leak was detected. Of interest was
an audibdle crack at rallure, always detected whille the speci-
men was being loaded, which allowed the operator to determine
exactly when the leak occurred.

Results of the compression tests are snown in tables
9 through 13, which present dats from metallized dises sintered
at 1300°C, 1400°C, 1500°C, 1600°C, and 1700°C, reospectively.
The maximum load values recorded are slightly over 5000 pounds,
indicated by the symbol > 5000, because at that developed
pressure the rubber discs flowed past the expanded Kovar sleeve
in an almost liquid condition. Later tests were limited to
4000 pounds since the rubber distorted and shredded. Figure
9 shows a saction of two assemblies which would not fail even
aft.> 1 loading of > 5000 pounds. These assemblies, though
distorted, are still vacuum tight.

(6) Compressior. Tesc Rasults

It can be seen from table 8 that only two mixtures,
Composition 50 and Composition 199, showeu promise of high~-
strength seals when sintered to 1300°C. Composition S0 is a .
molybdenum-mangarnese mixture with an addition of silica, and
Composition 199 is a 100-percent molybdic trioxide mixturs.
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Many more metallizing compositions yielded promising
ceramic-to-metal seal strengths when sintered at 1400°C, as
indicated by the compression values shown in table 9. For
example, Composition 43 with an addition of leldspur and
Compositicn 45 with an addition of talc produced fairly high-
ccmpression values on high~alumina AL-23. Glassy phase
resulting from diffusion of these silicate materials may be
instrumental in the sealing of the materizls. Composition 47
with silica and MnO incorporated in the mixture and Composition
50 with silica and manganese chowed promising results at this
sintering temperature. '

A general summary of the compression test data for
approximately 1500 test specimens is shown in table 14. The
type of mixture which produced the highest seal strengths,
along with symbols which represent metallizing systems, are
presented. Where two or more compositions were formulated
within a given system, some using the metal and others using
the oxide, only che metallic symbol describes thec system.
Where only the oxide was used, it is so written. The figure
of merit represents the number of times any metallizing system
produced strong seals as opposed to the number of mixtures
whicl were formulated and tried on the system. For example,
if five cerium oxide and molybdenum mixtures were tested and
four were associated with strong seals, the figure of merit
would be 4/5. In general, strong seals are defined as those
which are aqual or superior to the strength which would be
generated using a 20-percent manganese, 80-percent molybdenum
metallizing mixture. Many attempted metallizing systems
failed to produce strong seals, resulting in a figure of merit
of 0/4, for examplej these are not included in the table.
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Several observations can be made by studying table 14.
One of the most important is that a very largs number of metals
or oxides can be added to molybdenur to produce satisfactory
ceramic~lo-metal seals. No fewer than 16 matals or their oxides
were found to produce seals of the same or higher quality as
manganese. ‘

An immediate observation can also be made regarding
the sharp decrease in metallizing systems which were satis-
factory ca the higher-alumina ceramics, as compared with the
94-percent alumina body. The increased difficulty in sealing
to high alumina is thus apparent in most metallizing systems,
and not only in the molybdenum-manganese systems as has been
generally conceded in the industry.

To accomplish seals to the 99.6-percent alumina
ceramic, AL-23, silica additives, at 1400°C and 1500°C, were
sultable in a large percentage of cases. Examples of this
are Compositions R39 and R50, which showed higher strengths
to the AL-22 body than to the lower-alumina Coors ceramics.
At 1600°C and 1700°C, titanium additives and molybdermum and
glass additions were most satisfactory. Very few promising
meti.llizing mixtures were generated ¢t 1300°C, but the number
inzreased steadily to 1600°C and then decreased at 1700°C.

As the sintering temperature was increased, a steady
decline was ncted in the number of metallizing mixtures con-
taining manganese. At 1400°C, on Coors AD-94 and AD-96, all
but one composition were manganese boearing, at 1700°C, none
contained manganese. This decrease also occurred between
1500°C and 1600°C. '

Titanium was a material very frequently associsted
with high seal strength. At 1400°C, slightly less than one
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third of the high-strength compositions contained titanium or
titanium dioxidej at 1500°C, more than half c.d The percentage
‘indicated a marked decr-ase, however, at 1600°C and 1700°C.

Materials which were added solaly to promote )
molybdenum sintering were found frequently at 1600°C and 1700°C.
These are metals such as iron, nicxel, cobalt, and tungsten
which will remain in the metallic state in a wet cracked
ammonia atmosphore. As showr by the figures of merit, nearly
40 percent of the compositions at 1600°C contained sintering
promoters and nearly 60 percent did so at 1700°C. The balance
" of suitable mixtures at these temperatures was rather random,
with silica additions being the most common.

Pure molybdenum and molybdenum oxide made many
satisfactory seals. The oxide was promising at 1300°C and
1400°C, whereas pure molybdenum worked well at 1600°C and
1700°C. 0Oxides other than molybdenum oxide did not offer any
measurable advantage over pure metallic additions, undoubtedly
because the metals quickly developed their stable oxidation
levels ahyway with cracked ammonia atmospheres.

\7) Tensile Test

Those combinations of experimental metallizing
mixtures, ceramic boudies, and sintering temperatures that
yielded the highest values in the compression test were
chosen for tensile testing. Sperry Tensile Design No. 1
(figure 6a) was used for the tensile tests. Because of the
variation between the three specimens of each combination
and because of the general decrease in strength noted with
the higher alumina bodies, tensille tests were conducted on
combinations yielding the following o:» higher compression
test values:
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AD-94  AD-96  AL-23

Compositions having
individual load -
values of o 5000 b  350C 1b 3000 1b

Compositions having
average load values of 3000 1b 2500 1b 2000 1b
v After cleaning and alr firing the tensile specimens,

two coats of a metallizing mixture were hand painted on the
ceramic surface, each coat being sinlered at the appropriate
temperature. Each metallized surface was then hard nickel
plated. Two half specimens were then brazed together using
OFHC copper shim stock in a suitable brazing jig. Tensile
testing was done on a Baldwin Universal Tester (60,000-pound
capacity), using a load rate of 3000 pounds per minute.
Rubber gaskets between the surface of the caramic and the
steel pulling fixtures were used to equalize the stresses at
the shoulder of the tensile specimen. Tensile testing date
are shown in tables 15 through 19, for specimens sintered at
1300°C, 1400°C, 1500°C, 1600°C, and 1700°C, respectively.

(8) Tensile Test Results

It is apparent from the tablec that some combina-~
tions ylelded tensil values in excess of the 25,000-psi goal
of this study. A))l tensile test values were corrected for
the bending moment induced by the nonlinear loading, as dis-
cussad in paragraph 6 of this report. Composition 65 on Body
AD~94 at a 1500°C sintering temperature, for example, ylelded
one tensile test value of 28,400 psi, with an average tensile
value for three duplicate spaciments of 21,400 psi. As shown.
in figure 7 it 1is the ceramic which fractures in the vicinity
of the seal area, but not through it, for thsese higher-
strength ceramlc-to-metal ssals. Lelt to right, figure 7
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illustrates a specimen of AD-94 metallized with Compcsition 65,
yielding a tensile strength of 28,400 psij; a specimen of AD-96
metallized with Composition 72, yiélding a tensile strength of
22,000 psij and a specimen of AL-23 metallized with. Composition
50, yielding a tensile strength of 16,100 psi. In each case
the sintering temperature was 1500°C.

It should be noted trat the appearance of the fractuiz
is not the most reliable means for determining if the seal is
stronger than the ceramic. Th~ AD-94 specimen which failed at
28,400 psi shows a failure largely in the seal area. However,
the AL-23 specimen definitely has a seal stronger than the
ceramic, although it failed at 16,000 psi. The contribution_
of thermal-mismatch stress of the solder itself will undoubtedly
affect the physical nature of the failure. This is an area in
which more knowledge 1s nseded. It is of interest that in over
400 tensile pulls only one case of shoulder fracture s en-
countered.

The analysis of the tensile test data was conducted
by using the same techniques applied to the compression test
data, as described in paragraph 2b(6). Table 20 shows the
metallizing systems which produced the strongest seals. As
was the case for the compression test results, one notices
immediately the wide variety of compositional systems which
produced strong seals, as well as the sharp decrease of com-
positions which were suitable for the 96-percent and the 99.6-
parzent aluminas. :

Compositions containing manganese predominated at
1300°C and 1400°C. At 1500°C, manganese-bearing compositions
decreased sharply, with two of six superior compositions con-
taining maiganese. At 1600°C and 1706°C, only one c~mposltion
contained manganese.
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All satisfactory seals to AL-23 contained silica and,
in .ost cases, manganese. These seals werse sintered at 1300°C,
1400°C and 1500°C. No strong seals were wade it 1600°C and
1700°C to AL-23, althougl several ccmpositions were attempted.

Titanium did not produce superior seals as often

‘when using the tensile tast as it did with the compression test.

These conpositions also predominated at lower. temperatures.
At 1600°C and 1700°C, there was only one superior titanium-
bearing composition.

The wide variety of compositional systems at 1600°C
and 1700°C is rather difficult to understand. At these tem~
peratures, 8 out of 26 compositions contain a sintering pro-
moter as the only mclybdenum addition. Silica was present in
another five compositicns. The remaining cbmpoaitions consisted
of additions of thoria, zine, titanium, ceria, zi:éonia, and
manganese, as well as pure molybdenum. No significance in this
1list could be found, except to note the variety involved. A
check on sach composition involved, however, showad that none
of these netallic additions was in excess of 15 percent by
waight.

{9) Final Observations

Final observations in this phase o2 the study program
should be made by referring to table 21. The seven most
promising compositions and their sintering temperatures ars
shown for *the three vodies studied. The best values for AD-94
were obtained using Composition 65, a 2.5-)arcent titanium
addition to pure molybdenum. '

The tensile test average is 21,400 psi. Both Com-
positions 91 and 141 produced averages over 15,000 psi. One
basic formulation, molybdenum-silica-manganese, was excellent
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on AL-23 and AD-96. Molybdenum-ceria alg¢o predoced high-
strength seals tc AD-96. All seven acmpositions shown in
table 21 are extremely promising and an investigation of their
reliability is highly desirable.

5. PHASE III -~ BRAZING INVESTIGATION

The brazing of ceramic-tc-metal seals i1s recognized
as paramount in achieving rel.able and strong seals. Factors
such as joint clearance, solder type, and soak time and rate,
to name a few, have been established as important variables.
Although a study of this phase was planned, it was found that
seals can be made as strong as the ceramie by using standard
Sperry brazing techniques, provided a superior metallizing
mixture was properly sintered onto the particular ceramic
considered. '

6. PHASE IV ~ TESTING INVESTIGATION

a. Comparison of Test Methods

An accurate and thorough testing endeavor was
necessary for the proper evaluation of this program, because
the value of the data obtaineda was tc be determined largely
by the test pleces and test methods selected. Such a progranm,
with emphasis on reproducibility, was therefore conducted by
evaluating the tensile, the compression, the torque peel, and
the drum peel tests. Sixty-two ASTM tensile test specimens
were prepared. These, in esddition to the two half specimens
bonded together, had two Kova~ strips bonded to the flat
surface of one of the halves to measure torque peel, and two
preformed Kovar strips sealed to the cutside diameter of each
of the two shoulders to measure drum pesl. All brazes were
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mals simultaneously, producing the specimens shown in figure 8.
The ceramic used was Coors AD-94, metall’:zed witk an 80-percent
molybdenum, 20-percent manganese miwvture; sintered at 150C°C,

plated with hard nickel, and brazed using OFHC copper shim
stock.

Torque peel data were evaluated by inserting the
specimen into the fixture shown in figure 3. Flat Kovar strips
were crimped and engaged into ¢ clot built in the cylinder of
the test fixture as shown. 4he load in inch-pounds was read

cn the Lorgue wrench by the operator, who recorded the maximum
value indicated.

The drum peel test was chcsen to eliminats the
operator varisbles in rate of application of the load and in
the reading of the data. Figure 9 illustratss the fixture
used. The load was applied at a constant, reproducible rate
and recorded as pounds pulled versus time cn strip chart papor.
Figure 6b is an exampls of the tensile specimens of the design
of which was originally proposed by ASTM. The method used was

that under discussion by Group V-D, Subcommittee F-1 of that
organization.

To evaluate seal strength by compression testing, a
specimen and a fixtura as shown in figure 4 are used. This
test has a distinct advantage in that the configuration of
the test specimen closely resembles the geometry often used
in tubes. Compressive forces loaded at a prescribed rate
to the ends of the fixture produce hydrostatic forces in the
rubber discs, these forces tear the ceramic from the Kovar
sleeve. Fallure is defined as the load at which the assem-
bly 18 no longer vacuum tight.

Twenty~five compuriscn specimens for compression
testing were prepared from Coors AD-94 ceramic, Kovar metal,
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and the 80-20 molybdenum-manganese metallizing mixture. These
were sintered at 1500°C, nickel plated, and OFHC copper brazed.
Results of the test comparison series ars listed in table 22,
which shows an average strength value, the standard deviation,
the coefficient of variation, and the number of tirials for
each compression, tensils, drum peel, and torque pesl test.

It can be seen in tabie 22a that the compression
test, with a coefficient of variation of only 10.5 percent,
had the greatest reproducibility and least variation. The
tensile test with a coefficient of variation of 27.8 percent
proved to be less reproducible than the compressior. test.
The torque peal 1s significantly more reproducible than the
drum peel test and therefore was chosen for the initial
evaluation of the 200 experimental metallizing mixtures pre-
pared later. '

Table 22b presents a similar comparison in which n,
the mumber of trials, was in all cases equal to 25. The
most significant improvement was in the torque peel test,
indicating it was the most sensitive to changes in brazing
conditions and also suggesting it would be the most sensitive
to variations in seal strength.

The averages in table 22a tend to indicate that the
following measures of seal strength are equivalent for the
particul-r ceramic, metslllizing mixture, and conditions studied:

e Tensile Test 2011-1b load, 11,061 psi
e Compression Test 2428-1b load '
e Drur "eel fest 8.08-1b load

e Tc ¢ .1 Test 2.85-in.-1b torque
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On the basis of the above single-point curves, a
linear extrapolation suggests that the follewing values are
equivalent to a 25,000~psi tensile strength:

® Compression Test 5200 potnds
e Drum Peel Load 17.25 pounds
e Torque Peel 6.13 inch-pounds

As previously menticnaed, a limitation was found in
the compression test in tna: in pressures above a 5000-pound
load the rubber discs flowed in an almost liquid condition past
the expanded Kovar sleeves.

b. Tensile Test Specimen Design

During the course of this investigation it was found
that the tensile test specimen now under consiaeration by ASTM
(figure 6b) had a serious shortcoming for the measurement of
very strong ceramic-to-metal seals. This rault is that fallures
occurred at the shoulder rather than in the seal area. ASTM,
in efforts io eliminate this fault, has considered an incrsase
in fracture path, as shown in figure 6c. The calculations
- presented in the Third Technical Notélindicated that an increase
in che radius of curvature at the shoulder should decrease
stresses in that arqaz7. Because it was necessary to make
certain assumptions tatween the case cited by Timoshenko and
the one in question, it was decided to measure the exact
stress picture using the photoeleastic technique.

¢. Photoeleastic Study

Ffull-scale models of the three Jdesigns in question
were made of a standard photoelastic material, as described
in the Fourth Technical Note™. By stressing models at elevated
temperatures and chilling them while .till stressed, the
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-stresses produced in a three-dimensionsl object can be viewed
by carefully sectioning and polishing the object after it has
cooled to room temperature. A photograph 2 a flat slice of
each of the three specimens with thoe ctress pattern "locked in"
is shown in figure 10. The specimens are, left to right,
Sperry Tensile Design No. 1 (designed under this contract),
ASTM Tensile Design No. 2, and the design under present use

ry ASTM. :

, The fringss visidble in the ASTM sample show that
there 1s a higher level of stress in the shoulder than in the
seal area by a ratioc of approximately 2.5 to 2.0, thus pre=-
~ dicting failure in the shoulder area. Design No. 2 shows
approximately equal stress in both the shoulder area and the
seal area, so a failure at either point is equally probable.
Sperry Design No. 1, hdﬁever, shows a greater tensile stress
at the seal area than at any other point and thus should fail
at the ssal.

The photoelastic study revealed another character=
istic of thesz specimens which was not suspected previously.
The bending moment induced by loading which was not diresctly
above the fracture area gave rise to nonuniform tensile load~
ing ia that area. This was a significant discovery because
it meant that all tensile values measured to date were actually
higher than a straight-forward calculation would indicate. '
Additional tensile stresses on the outside surface of the
specimen and compressing stresses on the inside were caused
by the bending moment. This changed the strass distribution
from that of pure tensile stress to that of a combined tensile
and bending stre-s. :

Carsful analysis of the stress pattern allowed the
calculation of thils maximum combined atress, presented in the
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Fourth Technical Note. Based on the assumption that the bending
stress varied uniformly across the section, a maximum combined
stress in Sperry Tensile Design No. 1 was calculited to be 1.22
times the direct tensile atress. Similar values for the ASTM
standard specimen and ASTM'!'s Design No. 2 were 1.09 and 1.18,
respectively. .

It can be concluded that the ASTM specimens give
unreliable results when shoulder breaks occur becauss of the
stress concentrations in the shoulders. Design No. 1 is the
preferred specimen from this point of view. All three spsci-
mens showed undesirable bending effects which cause tested
tensile specimens to fail at lower than true tensile values
by the amounts calculated. It may be possible to eliminate
this effect by redesigning the specimen so that the center
of the seal area and the point of loading are colinear. For
the present program, more realistic tensile strength values

were obtained by multiplying the tested value by the calcul-
ated factors. :

d. One-Piece Test Specimens

For further evidence that the foregoing calculations
and otservations were corract, the two new tensile specimens
(figure 6a and 6¢) wers manufactured into one-piece test
3specimensy tensile tecting would thus reveal the location and
magnitude of the fracture. As illustrated in figure'll,
Sperry Tensile Design No. 1 fracturad at the desired location
whereas Design No. 2 4id not. An average of four replica
specimens of each body produced the average values shown on the
following page. It should be noted that these figures include
the correction factor due to the bending moment inducted by
nonlinear loading.
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Tensile Speclnen Average PSI

Sperry Design No. 1 25,300
ASTM Design No. 2 16,000

e. Tensile Specimen Gasket Materials

A series of tensile tests was conducted to compare
soft lead and rubber gaskets for use between the shoulders of
tensile specimens and the steel pulling grips. No differences
in tensile valvss were found: therelore, rubber gaskets wers
used because of the greater simplicity of assembly.

7. PHASE V - TEMPERATURE INVESTIGATION

Because of the vast guantity of work necessary to
complete Phases II and IV, ti. metallizing and testing in-
vestigations, time and funds were not available to conduct a
major effort in this phase. This is a recommended area for
future study.

8. PHASE VI - STRESS INVESTIGATION

a. Introduction

The importance of stresses in ceramic-to-m~tal seals
is generally acknowJedged by all who have become involved in
seal design, manufscture, or application. Distinctly different
characteristics prevail for electrical ceramics and the wide
variety of metals to which they may be sealed. Because of
these differences, in particular their thermal expansion and
ductility properties, substantial stress is known to exist
when a brazed seal 1s cooled to room temparature. Although
design techniques are known to circumvent these residual
stresses, virtually nothing of a quantitative nature is known.
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Considerable work has been done on stresses present in glasz-
to-metal sea.s, enamel coatings, etc. However, no published
papers could be found regarding stresses ia ceramic-to-metal
seals. : ’

It was the goal of this phase to discover more about
the naturs of seal stresses. In particular, it was hoped that
seal stresses could be calculated, knowing enough about the
materials involved. This goal has been realized. More
basically, it appears that stress constants can be calcu-
lated, not only for ceramic-to-metal seals, but also for any
two, brazed materials having different properties.

b. Theory

Consider an infinitely small sea) element as shown
in figure 1l2a prior to brazing. Imagine the top cube to be
the higher expanding member and 8 to be the Lotal expansion
mismatch in inches per inch. Assume, for the initial argu-
ments, that liie bLottom member is totally unylelding and does
not expand. When the system 13 heated, the configuration
shown in figure 12b is realized. The seal is thus achileved
and the system 1s allowed to cool, resulting in the con-
fig ration shown in figure 12c. Considering a single plane
in the element, illustrated by figure 12d, the distance 8
1s also equal to the total strain developed in the cooling
processj this is a key point in the argument.

The acceptance of the preceding argument, equating
thermal expansion mismatch to total strain, provides the first
means for the calculation of seal stresses.

Imagine that the thermal axpansion mismatch between
the top and, for the moment, the rnonexpanding bottom membar,
as shown in figurel3a, is the distance 8 in inches per inch
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at the temperature at which the solder melts. Because 8 1is
also equal to total strain, it can be transposed to a stress~
strain curve as shown in figure 13b. The streczs lavel can then
be read directly from tha ordinate. If the stress generated
exceeds the yleld roint of the metal, the procedure does not
change, but will result in a transposition suck as figure 1l3c
illustrates. ' '

A correct stress determination at the seal interface
would result from the foregoing procedures if (1) the bottom
member were nonexpanding and nonyielding and (2) a single
stress-strain curve were operative at all temperatures.
Nelther is the casa.

The actnal, final configuration of the element in
question would be as shown in figure l4a. The top member
would be pulled into tension and the bottom into compression.
Defining tension as positive strain and compression as nega-
tive strain, both can be ploited using the same ordinate, as
shown in figure 14b. Thermal expansion mismatch can then be
measured as showa in figure l4c and transposed to produce a
somewhat lower stress, for a fixed 8, than would be ihe case
neglecting the lower expanding member.

The problem of changes in the stress~-strain curve
with changing temperatiure presents a somewhat more difficult
situation. A different curve would be operative at any tem-
perature, and a solid surface cou’d actually be generated for
the tkree-component system: stress-strain-temperature. If
the equation of such a surface coul: :3 detsrmined, a mathe-
matical solution could be achieved i .- «.ang the stress~rate
curve. Such a procedure wolld be extremely difficult, prcb-
ably resultingin a machine calculation. A simpler graphical
approximation 1s preferred, as described in the following
paragraphs.




Assume that ihe ceramic memover expands, but that it
is totalliy ncnyielding. Such an assumption could be circum-~
vented, as previously described, by ploti.ng neza:ive strain.
Even in actual measurements, however, the yield contribution
of the ceramic can be shown to be so small that its neglect
produces virtually no error.

Consider a family of stress-strain curves, as shown
in figure 15a, in which virtually no stress could be developed
regardless of strain at temperatures down to 500°C, and the::
suddenly the room-temperature curve became operative. The
result would be that only the strain or thermal mismatch
developing from 500°C to room temperature would be of im-
portance, and the mismatch in this temperature range could be
transposed, as previously discussed.

Next, consider a family of stress-strain curves in
which a measurable curve is operative from braze temperature to
500°C, and then suddenly a second curve becomes operative for
all temperatures between 500°C and room temperature. Thls sys-
tem 1s shown in figure 15b. The transposition can then be
carried out by using the 500°C to braze temperature thermal~
expansion mismatch. If no further temperature drop were ex-
peraerced, the stress level would be determined. At 499°C,
however, the second curve would become cperative. Stress
levei would not have changed substantially from 500°C to 499°C,
only the curve which is operativej one would begin to accumu--
late stress on a new curve beginning from point A. From point
A, the thermal mismatch from 500°C to room temperature is
again transposed to determine the final stress level. ' This
procedure can be applied to approximate the final stress level,
providing the necessary curvés are availluble. The accuracy
increases with the number of curvesj in this study four curves
were found to be quito satisfactory.
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One basic observation should be made at this point.
A seal stress thus determined and existing at the seal inter-
face 1s a constant value for any two mateiials for a given
braze temperature. It i1c not geometrically sensitive at the
interface, and operatas equally in any direction in the seal
plane. However, at any point above the interfacs, the stress
will be influenced by the geometry of the sealj factors such
" as bending in butt seals may interrupt its normal development.
In the experimental study of thuse stresses, samples were
used which developed stress uniformly about an axis. The
experimental evidence in support of these theories demon-
strates excellent agreement.

_ €. Experimental Procedure

To Iinvestigate the preceding theory required ex-
perimental testing in two distinct areas. One was the
development of stress-strain curves at elevated temperatures
for the same metals, and at annealing temperatures used for
making seals. The second was the fabrication of seals in
which the stress could be weasured by strain gages. For the
second area, the tschnique was to apply the gages to the metal
membIr, remove the ceramic, and measure the metal relaxation
or strain which took place. This provided sufficient data
’/::fpnable a comparisovn of calculated stress with measured

ress.

The metals chosen for the study were 3C3 stainless
steel and "A" grade nickel. The stalnless steel was selected
because of its high-temperature strength and nickel because
of the reverse tendency. Copper solder was chosen bacause of
its ease in acid removal and generally common usage.
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(1) Stress-Strain Measurements

Considerable data can be found in the literatuie re-
garding the high-temperature characteris:tes ui’ nickel and
stainless steel. The data presented some difficulty in that it
was not available for the same annealing times and temperatures
which would be experienced in brazing. In addition, heating
rates were differsnt. For these reasons, precise measurements
were made after the metal was exposed to the brazing cyele
used in making the seals.

The initial plan was to machine stress-strain speci-
mens from the same tubular stock from which the seal metals
were to be fabricated. It became apparent, however, that
several problems were involved with this procedure. Fabrica-
tion of the specimens provided the first difficulty. The
stock had to be cut and rolled flat, requiring high pressures.
Because of spring-back, the pieces had a low residual
curvature. A similar shaped mold had to be formed to over-
bend the pileces. Secondly, considerable cold working was
introduced which could be removed only by undesirable anneal-
ing. Finally, the samples thus produced showed poor stress-
strain repeatability.

Because of these problems it was decided to machine
specimens from sheet stock, which, upon checking, was found
to have virtually the same hardness as the metal stock to be
used for seals. Exact discussions of the hardness of the
metal, the rolling and machining technique, and the specimen
design can be found in the Second and Third Technical Notesl.

The specimens, after being passed through the brazing
furnace, were placed in a hich-temperature extensometer, as
shown in figure 16. Preliminary test runs were made tc test
the equipment, and the technique was refined.
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(2) Seal Residual Stress Measurements

Because of ease of calculations and to achieve uni-
form stress distribution, a test specimen with a design as
shown in figure 17 was chosen. The swall shoulder on the
inside diameter of the metal was provided for placenent of
solder. A wall thickness of 0.100 inch was used for the
stainless seal and a wall thickness of 0.080 inch for the
rickel seal. The differences developed because of stock
availability. These can be easily taken care of mathematically
as shown in paragraph 82(2). Jamples were brazed using OFHC
copper solder. ,

Five resistance-wire strain gages were bonded to
the outer circumference of the metal, three to measure
tangentlal strain and two to measure axial strain, 2s shown
in figure 17. The sample was fittad with a collar equipped
with terminals, Lead wires from the gages were attached to
the terminals, which in turn were equipped with lead wires
to the measuring bridge ciicuit. An instrumented sample
is shown in figure 18.

Solder removal vas accomplished by leaching out the
solder with a 25-percent ammonium persulfate solution at 120°F.
Using a jeweler's saw to remove the solder and direct axial
loading to remove the ceramics wers considered. These
techniques were abandoned, however, when early trials showed
the leaching technique to be the most promising.

To facilitatc exposure of the solder to the ammoniw
persulfate without attacking the gages, a closad circulatory
system was developed. Samples were provided with teflon-
gasketed aluminum caps through which the leaching compound
could be circulated. A bank of four specimens was then set




up and emmonium persulfate was drawn through the system 1in
series (figure 19). I was found highly desirable to generate

a mild negative pressure within the eirsvlat-ry system, thus
greatly reducing leaks. This was accomplished ty pulling
rather than pushing the ammonium persulfate through the system.
Gage readings were taken continuously during the leaching
process. The solder was completely removed in about 10 hours
for the nickel and in about 24 nours for the stainless steel.

(3) Calculations

In the previously discussed theory, a method for
calculating stresses at the seal interface was described.
Experimental procedurss allowed measuring the actual tangential
stress on the outer circumfersntial face o1 the metal. To
calculate the stress from the inner face to the outer face,
formulas which are available in the literature can be used28.

P1 ri2 r 2
s =T— 1+T°
L r,2 T
o i
where
st = tangential unit stress at radius r
r = any radius
P1 = internal radial pressure
r, = outside radius
ry = inside radius
For the special case where
Sy = tangential stress on outside surface
o
S, = tangential stress on inside surface
Y1
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it can be shown that

2
Sy ==—3—73
o] I'o + I‘i

This expression can then be used to calculate the
outside tangential stress using the-value'predicted for inside
tangential stress as discussed previously. A comparison
between measured and calculated straesses can then be made.

One final consideration remains. Bscause the elastic
limit of the metal will have been exceeded when brazing,
residual stresses can be expected in the metal ring despite
the fact that the ceramic has been removed. This condition
does not invalidata the use of the above formula, because, in
solder removal, unloading will then take place according to
Heoke's Law29. Simply, more stress relief can be accomplished
by machining the inside diameter of the metal ring.

d. Experimental Results .

The results of the stress-strain measurements are
shown in figures 20 and 21 for the nickel and 303 stainless
stee), respectively. Thermal expansion curves which were used
are 1llustrated in figure 22. Table 23 shows the results of
measured as well as calculated stress. Outside tangential
stress is des;gnated by the symbol SLO, and outside axial
stress by Sa,+ It should be noted that no means could be
found to calculate Sao from the inside face to enable a com~
parison with measured values. The inside tangential stress
or brazing constant K, calculated as previously described,

lrepresents a stress in any direction within the seal plane.
Although approximately 15 samples were made in each metal,
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time was available to measure only 4 of eachj these were chosen
at random. Sample dimensicns and physical constants used in
the calculations are as follows:
Young's modulus for nickel = 30 x 106 psi/in./in.
Young's modulus for 303 stainless steel = 2% x 106
Ceramic 0.D. = 1.577 inches

Nickel 0.D. before braze = 1.743 inches

psi/in. /%

Nickel 0.D. after braze = 1.765 inches
Stainless steel 0.D. before braze = 1.783 inches -
Stainless steel 0.D. after bra-a = 1.803 inches

e. Summary of Stress Study

A study of table 22 shows excellent theoretical and
experimental agreement within the limits of the testing tech-
niques. It appears that a stress constant does exist in brazing
ceramic-to-metal seals and that it can be used in calculating
seal stresses. The implications of these findings are note-
worthy. Tables of stress constants could be generated for
combinations of matarials at various temperatures. The first
means would thus be provided for the caleulation of previously
undsterminable stresses. Thus,a method would be available to
enable the choice o“ low stress combinations as well as the
ability of making use of prestressed geometries or structures.
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SECTION C
CONCLUSIONS -

9. CCNCLUSIONS
The following can be drawn from the data presented:

a. Ceramic-to-metal seal strengths as high as 28, 0 psi in
tension were found for the 94-jerceant alumina body. The mexi-
mum strengths decreassed - as the alumina content of the ceramic
member increased - to 22,000 psi in tension for the 96-percent
alumina body and.to 16,100 psi for the 99.6-percent body.
Sealing techniques were developed which produce seals as
strong as the ceramic. '

b. The optimum sintering temperatures vary with the
perticular metallizing mixture under considerationj however,
in most cases, these were in the 1500°C to 1600°C sintering-
temperature range. |

c. At the ilovest sintering temperatures (12)0°C and 1400°C),
the strongest seals resulted from straight molybdic trioxide
metallizing mixtures or mblybdenum-mangangese base mixtures
witu additions of silica or tiianium helpful. Molybdenum-
mangansse mixtures were less Irequently associated with high-
strength seals at 1500°C. Additions of titanium and ceria
to pure molybdenum were stronger after sintering at this
temperature. ' At highest sintering temperatures (1600°C and
1700°C), those additives which promoted molybdenum sintering
generally yielded the highest seal strengths.

d. Metallizing compositions for AL-23, a 99.6~percent
alumina ceramic, almost invariably required silica or silicate-
bearing minerals such as rfeldspar or talc to yleld strong
ceramic-to-metal seals.
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e. A photoelastic study of the tenslle test specimens dis-
closed and a2llowed the calculation of bending moment forces
in the seal area due to nonlinear loading. In addition, the
stress concentrations which can cause shoulder breaks are now
well understood.

£f. A tensile test design was developed in which shoulder
braaks, even in ultra-high-strength ceramic-to-metal seals,
are no longer a problem. Oniy one shoulder break was en-~
countered in over 400 fabricated and tested asemblies.

g- A basic investigation of ceramic-to-metal seal stress
developed a method for solder removal, thereby enabling
accurate stress measurements. Theoretical work indicates
that a brazing stress constant exists which can be calculated
and used for the correct determination of seal stresses, not
only for ceramic-to-metal seals, but also for any two dis-
similar materials brazed together. Experimental data in

support of the brazing-constant theory demonstrated excellent
agreement.

h. The results of this investigation support, in general,
the Glass Migration Theory of adherance.
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SECTION D
RECOMMENDATTONS

10. RECOMMENDATIONS FOR FUTURE WORK

A Seal reliability, usirg the improved sealing com=-
positions dovreizyed under this contract, should be studied.
This should include the importance of minor and major changes
in processing variables including a wide range of factors,
such as furnace atmosphere, metallizing thickness, sintering
time and temperature, plating thickness, and brazing pro-~
cedures. Criteria should be established to bracket the maxi-
mum variation which can be tolerated in these areas. Work
1s also recommended to determine the compatibility of the
metallizing procedures for tube usage. Factors such as out-
gassing, cathode poisoning, life, thermal cycling, and r-f
characteristics require study.

0f equal importance is the study of leak path.
The mechaniswz of leaks, their origin, and elimination require
immediate study and understanding. '

Long-range studies are required in the areas of
ceramic-to-metal seal adherence, particularly where 100-
percent aluminas are involved. When the sealing of materials ‘
othar than alumina is considered, large savings in engineering,
manpower, and meney can be realized if complete understanding
of adberence mechanism is available.

Ths investigation of stresses should be continued.
With the mechanics -“ stress calculation now available, work
should be initlatsa to determine the brazing constant for large
numbers of materials.
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Additional work on the ceramic itself should be con-
sider~d in long~-range thinking. This should include the use
of beryllia ceramics. The c¢reation of higher-strength, lower-~
loss ceramics should be encouraged. Basic understanding of
electrical-loss characteristics in the various solid and
liquid phases in the ceramic is important.

In general, efforts should be made to keep the
development of ceramic and ceramic-sealing technology at the
same level as tube technology.
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' TANLE 1
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TARE U
RESULYS OF COMPRISSION TESTS FROM METALLIZED DISCS

SINTIERED AT 12709C USING EXPRRINIETAL METALLIZING WIXTURAS
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ALSULTS OF COMPRESSION TESTS PACM NETALLIZED DISCS
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RESULTS OF COMPRESSION TESTS FROM METALLIZED DICS
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TABLE 13 (Cont.)

RESULTS OF CONPRESSION TE375 TROM MXTALLIZED DISCS
SINTRRED AT 1700%C USLiG EXPERDUDNTAL NETALLIZING WIXPRRS

< f Compositicn | Comprensson Load (1%} 2 j Cq:‘uun “ompression Load (1b)
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j elght (o) | Ao-94 | a9 [ar-23 5 Welght (gm} AD34] 40961 123
% (296 Mo 3100 1207 ] 300 %o 3000
21 Bym, 2200 0.9 ¥ 2.0
% “an
e 00w
107 [300 Ho 34000 | 1400 2 (% 370
3000|1700 34 3000
>%’ 1%" %f
108 {306 Mo 4000 100 122 g auco
%9 re 24200 |20 04 27%
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»40005 vy 1% | 285 e 2200 (1100
15 ;05 1500 | 900
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TABLE L4

SMUARY oF COMPRESSIUN TEST ESULTS

»]
Ei A Vigue of . Tgire of 22 Heire of
= ! Motailising Gy tem Kerit Metal’ Leiig y.tem Morit Metallising System Merit
Mo-2n 2/4 "> 11 Homil 10060, V1
M. T8 /4 S 13 o't Vi
Moo, w L ] Vi
M Kol j%% MomAl203-310, Vi
g M -4 ,C03 172
1 A 11
M =Fe 13
LES T Vi
Lo 2/
Normd 173
K. Mg0= 3107 L
Ko-Zn 33 K507 1/2 Mo-T4 V1
Mo=Th0, 12
M. 200y 11
% <Hn 13
LR I%
LK 12
M>=Pe Y/
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,’{ MouCo 273
Rl ] W
LR T 12
X -310, 1/1
Nr-ren 1
LIS L 13
HowPemdl-0y= 3107 1
H-Ce02 1
M= Pom il 203-HgC~ 3402 11
M >=Hn-A1 2075107 172
=" 12 No=2rC; 1 Ho-Cal I
-1 5/5 Mool y-Caus 1 Ao-aO-8107 V2
g IMo—cod, 2/2 % -1 1n Mo-ite0y-Cad 11
D [mo-Le 1104 L1 K.~Caly 1
Ho-MnT103 W
M. -Ha-AL (O08) 3 1/1
Mo-Liz-Ha0y Ve WAl 2099109 12 Homhl 20~ 810, Va2
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o ] 1
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TABLE 15
RESULTS OF TENSILE TESTS USING SPERRY'S ORSIGN MO, 1
AT EXPERINANTAL METALLLZING MIXTURES SINTERUL AT 1300%C

g
3 3
} Crmposition Tensile Load (psi) E Compo:ition isa.lie Lond (pst)
and and -
Weight (gm) A rAn-tm AL~23 Weight (gm) AD-9¢ |M AL-23
50 | 255 Mo 16200 [15700 (11800 | 1997 300 HoGy 4500 | 3
g :og 1300 {13200 | 7500 7150 | 4400
5. 558 | t“.;»! o3
Shvarege
TAMLE 16
RESULTS OF TINSILE TESTS USING SPERRY'S DESIGN NO. 1
AND DXPERTMENTAL METALLIZING MIXTURES SDNTZRED AT Li90°C
L 3
-~ 4
3 c.w::uea Tensile Load (pei) 55 Composition Teawile Load (pei)
and
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TARE .7
RESULTS OF TENSILE TRSTS USINO SPERMY’:: DESIGN %O, 1
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TABLE 19
BUSULT: OF foellle TESTS USiles SPERRY'S OLSIGh MO, i
AMD cPLRIMNTAL METALLIZLIG MISTURES ofaTekED AT 1700%C
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TASLE 20

SUMMARY CF TENSILE TEST REMLTS

4
LE
i o il
ad - Yizure of %—TF 5 Tigure of
Netallising System Merit Metallizing dystem  Merit ¥otallizing System 1 it
¥o-Th p¥5Y
Ko=2Zn 2/2
o1t 12
Mo-CeO; w1
§ No-ki /1
K IMo-Co 172
Mo-d 1
HomAiy0q-840, - 1
Ho-Mg0-310 w1
Mo=TPe 1/3
HomAL;0,-310, j%3 Mo-MaeLiCC, 1
Mo=Mn 1
Mo-d 274
Mo-2n 23
Mo-2r }%
Mo-Fe 2/3
~§ Mo 1
Mo=Th 111
tHo=Ce0y Vi
HoPaedl 203+ 5102+ Mg02 V1
KoeCo 172
o240+ g0 1/1
HMo-KoOy~Cad /1 Ho-Ce0, 11 Ho=Ne= 310, a2
§ No-TL 3/5
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TaBLE 21
RMCOMMENDED NETALLIZING MIXTURES

Compositicn Compooition and 3intering Peal Test Campression Tensile Test
Mmber vaight (gn) Tamperature (°C) Body Yaluss (L1, -1b) Test Vauues (1b) Yaluse (pmi)
[+ 492.5 Mo 1500 2., »/00C 28400
> 4300 19350
7.5 4 3 4300
91 20 Mo 1502 3 2 3 400G 15500
* 4000 1570
30 LA, 3300 14500
uw Hl W 1600 4 30 1230¢
9 Tale oo 17906
(Mg0* 210,) »n 16100
72 20 Mo 1500 2 800 940
g 2506 22000
73.6 Ce0y A0 160%¢
0 3 Mo 1300 2 2800 15%0
A8 810y Xx00 13200
2 M 800 10700
50 355 e 1500 2 220 4000
&4 810 ] 2300 16100
22 M a 14600 15300
&9 255 e 1500 .75 > 4000 1300
@ 30, 3%0 11600
2% Mo 1200 14100
TAMLE 22
AMALYSIS OF CLaPARTION TEST DATA
a. ALl Teet Data
Toot Compartuon Tests
Data® Teasile Compression Drwm Peal Torgus Pesl
z 011.5 1b, 11041 pat 2280 s.08 2844
L] 359.1 1b, 3074 paa 235.8 A7 1.35
[ ] .8 10.5 6.4 47.57
[} 25 103
B, Saleoted Test Data, ¥ = 25
Tost _ Comparison Tests
Data® Teastlo | Compression Drua Peal Torque Peal
x 2080.0 2428,0 (5. Jup
] 00,9 255.8 5.0 l.224
v 9.} 10.% 8.4 .

“hverage (x), standard deviation (), coefficient of variation (CVS), and mmber ~f trials (N) f+r tessils, ccmgressiom,
tandard tandasrdised

drum peel, and turque pesl

sintering and brasing

tests. A
sonditions were usec.

MO-percent Ne and 20-percsnt Mo metallialng mixture. and ¢
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CABLE 23
CTRESS VALUES

S1

X

s‘ﬂ
(ealculated, psi)

Jaspls X
<
3eal Type Nurber {mearured, pui} {ueazurec, psi) (ealeulatea, paill)
N ~450¢ 6750
Ceramice R ~4B0Q 6780 ,
tomiickel 5-lo ~1300 1055¢ 40 &0
%11 - % 11200 i
Averege ~¥700 330c !
. _ = =110y 199:C
ot o e -16500 2706 22300 2000
ot = -11600 Awe
RS -L.30¢ 20626
average SN 22500

L Winus sign deslfnates dappressive strecs,
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SRAZEC STNIPS
Of KOvAR

CERAMIC

FIGURE 3
TORQUE PEEL TESTING FixTyure

88




FIGURE ¥
COMPRESSION TEST SPECIMEN

POTTING COMPOUND

CERAMIC

FiGure B

SE/ . 1ONS OF TWO COMPRESSION SPECIMENS STILL VACUUM-
Tioc T AFTER DISTORTING FROM OVER 5000-POUND LOAD
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figune o
SCHEMATIC DIAGRAM OF ORUM PEEL APPARATUS
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FIGURE 1€
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FiguRE 22
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